I n contrast to prokaryotes (where all genes are transcribed by a single RNA polymerase that binds directly to gene promoter sequences), transcription in eukaryotic cells involves several different RNA polymerases that interact with a variety of transcription factors (TFs) to initiate transcription. This increased complexity characteristic of eukaryotic transcription facilitates the sophisticated and orderly regulation of gene expression that ultimately determines the activities of the diverse array of cell types seen in multicellular organisms.
Three distinct nuclear RNA polymerases are found in eukaryotic cells. Genes that encode proteins are transcribed into messenger RNA (mRNA) by RNA polymerase II. Ribosomal RNAs (rRNAs) and transfer RNAs (tRNAs) are transcribed by RNA polymerase I and III, respectively. Some small nuclear and cytoplasmic RNAs are transcribed by RNA polymerase II and III. Finally, mitochondrial genes are transcribed by a separate group of RNA polymerases. RNA polymerases are comprised of eight to 14 different subunits. Although they recognize distinct promoters and transcribe different classes of genes, these RNA polymerases share many common features, including a clear dependence on other proteins to initiate transcription.
The transcription of DNA into RNA is the primary level at which gene expression is controlled in eukaryotic cells. Only a fraction of the transcribed RNA is translated into polypeptides. This is explained as follows.
Some transcription units code for RNA molecules only, as in the case of ribosomal RNAs, transfer RNAs, and a host of small nuclear and cytoplasmic RNA molecules.
The initial transcription product of those transcription units, which do not encode polypeptides, is subject to events known as RNA processing. With RNA processing much of the initial RNA sequence is trimmed to yield smaller mRNA molecules.
Only the central region of mRNA is translated; variable portions of the 5¢ and 3¢ ends of mRNA remain untranslated.
Transcription is mediated by the enzyme RNA polymerase, using DNA as a template and ATP, CTP, GTP and UTP as RNA nucleoside precursors. RNA is synthesized in the 5¢ to 3¢ direction as a single strand molecule. Only one of the two DNA strands serves as a template for transcription. Because the growing RNA molecule is complementary to this template strand, the transcript has the same 5¢ to 3¢ orientation and base sequence (except that uracil replaces thymidine) as the opposite, nontemplate strand of the DNA double helix. Thus, the nontemplate strand is called the 'sense strand' and the template strand is called the 'antisense strand'. Gene sequences listed in various databases show only the sequence of the sense strand. The orientation of sequences relative to a gene sequence is dictated by the sense strand and by the direction of transcription (eg, the 5¢ end of the gene is the sequences of the 5¢ end of the sense strand, and upstream or downstream of the gene is sequences that clamp the gene at the 5¢ or 3¢ ends of the sense strands, respectively). The general features have been reviewed elsewhere (1-8)
CHROMATIN STRUCTURE AND
TRANSCRIPTION The DNA present in all eukaryotic cells is tightly associated to histones, forming chromatin. Moreover, the packaging of eukaryotic DNA into chromatin has important ramifications in terms of its availability to serve as a template for transcription. Thus, chromatin structure is a critical aspect of eukaryotic gene expression. Actively transcribed genes are situated in regions of decondensed chromatin. The tight coiling of DNA around the nucleosome poses a major obstacle to transcription; the tight coiling impedes the ability of TFs to bind to DNA and impedes the ability of RNA polymerase to gain access to the DNA template. This inhibitory effect of nucleosomes is overcome by the action of nucleosome remodelling factors. These remodelling factors disrupt chromatin structure, thus allowing TFs to gain access to nucleosome DNA and coordinate the assembly of the transcription complex with the promoter. A multiprotein complex, initially identified in yeast as the switch/sucrose nonfermenting (SWI/SNF) complex has been localized in mammalian cells. SWI/SNF disrupts the nucleosome array and facilitates the transcription of DNA that was previously unavailable to the transcription complex.
Eukaryotic transcriptional activators play dual roles in modulating gene expression. In addition to promoting transcription by interacting with basal TFs, they stimulate changes in chromatin structure that alleviate repression by histones. The ability of RNA polymerase to transcribe chromatin templates is facilitated through the acetylation of his- tones and by the association of the nonhistone chromosomal high mobility group (HMG) proteins HMG-14 and HMG-17 with the nucleosomes of actively transcribed genes. The signals that target HMG-14 and HMG-17 to transcribe genes actively remain an enigma. The role of chromatic structure in transcription has been reviewed previously (9-13).
CIS-ACTING ELEMENTS
This discussion of the transcriptional control of gene expression focuses on the role of RNA polymerase II, the enzyme responsible for transcribing protein-encoding genes into mRNAs (9, (12) (13) (14) . The production of each mRNA in human cells involves complex interactions of proteins (ie, trans-acting factors) with specific sequences on the DNA (ie, cis-acting elements). Cis-acting elements are short base sequences adjacent to or within a particular gene. Alternatively, they can be sequences that occur several thousand base pairs from a particular gene. Cis-acting elements are sequences required for the recognition of a gene by RNA polymerase II. These sequences also serve as binding sites for the proteins that regulate the rate and specificity of transcription. The initiation of transcription is dictated by sequences that are present in each gene. The major cis-acting sequences of a gene are illustrated in Figure 1 and include the following. · The core promoter element is situated 5¢ to the gene and consists of the sequences where the transcription complex containing the RNA polymerase II assembles on the DNA molecule. There are two fixed sequence elements: the initiator element (Inr), which determines the transcription start site, as well as the TATA element, which is located 25 to 30 base pairs upstream from the Inr. The promoter initiation site defines the location and the direction of transcription. · The promoter proximal elements are composed of two types of cis-acting sequences located 50 to a few hundred base pairs upstream from the start site. The first type of promoter proximal element comprises a class of base sequences (eg, CAAT or GC) found in many genes, and these sequences function as binding sites for proteins called upstream TFs. The second type of promoter proximal element is the response element (RE). The RE contains sequences that are found in promoters controlled by a particular stimulus (eg, genes that respond to particular glucocorticoid stimulation or iron response elements implicated in intestinal iron absorption). several different areas to determine whether RNA polymerase will or will not transcribe a particular gene. The structural features of typical TFs are illustrated in Figure 2 . TFs are characterized by the following shared features: binding to specific DNA sequences, interaction with other TFs to regulate transcription, a DNA binding domain made up of the amino acid sequences that recognize and bind specific DNA sequences, and a transactivation domain comprised of the amino acid sequences required for the activation of transcription. TFs may have similar DNA binding domains but different transactivating domains. Thus, they bind the same sequence of DNA but activate transcription in a different manner. Alternatively, TFs have similar transactivating domains but different DNA binding domains. In this case, the TFs bind to different sequences of DNA, although the process of activation is similar. RNA polymerase catalyzes the formation of a phosphodiester bond by attaching the 5¢ phosphate of the incoming ribonucleotide to the 3¢ hydroxyl of the growing RNA chain. Multiple RNA transcripts may be synthesized from a single DNA molecule through the sequential binding of additional RNA polymerase to the promoter sequence.
TRANS-ACTING TFs
Trans-acting TFs bind to cis-acting elements on the DNA and interact with other TFs (9, (12) (13) (14) (15) (16) (17) (18) . These proteins control the initiation of transcription and comprise the following.
· General TFs are polypeptides that assemble at the core of the promoter site and recruit RNA polymerase II to that site to form the preinitiation complex.
· Upstream TFs are proteins that bind the common cis-acting sequences proximal to many promoters, such as the sequences CAAT and GC. · Inducible TFs are proteins that respond to external stimuli that activate them, and in turn promote their binding to the RE sequences. This results in increased transcription of genes containing the particular RE sequence. · Activator proteins are TFs that bind enhancers and increase transcriptional initiation of a particular gene. · Repressor proteins are TFs that silence and inhibit transcriptional initiation of a particular gene.
The various types of cis-acting sequences and the TFs that they bind are listed in Table 1 .
The ability of proteins to bind DNA is a reflection of their amino acid sequences and the formation of specific motifs. A well characterized DNA binding domain is the zinc finger domain, which contains repeats of cysteine and histidine residues that bind zinc ions within the DNA binding domain. Zinc finger domains are common among TFs that regulate RNA polymerase II promoters, including the com- 
INITIATION OF TRANSCRIPTION BY RNA POLYMERASE II
A set of basal TFs interact with the cis-acting core promoter sequences to form a basal transcription complex ( Figure 3 ) during initiation of transcription by RNA polymerase II (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . These TFs are named TFII for TFs associated with RNA polymerase II followed by a letter (A, B, D, E, F or H). Other TFs bind to DNA sequences that control the expression of distinct genes and are thus responsible for regulating gene expression.
TFIID is the first TF to bind to the core promoter sequence and is made up of a variety of proteins, including a TATA-binding protein (TBP) that recognizes the TATA sequence at all promoter sites. The remaining proteins in TFIID are called TBP-associated factors. Once TFIID is bound at the TATA sequence, a preinitiation complex is formed with the recruitment of TFIIA, TFIIB, TFIIF/RNA polymerase II, TFIIE and TFIIH (Figure 3 ). The synthesis of mRNA then proceeds with the movement of RNA polymerase II away from the promoter region, and elongation of the mRNA transcript.
ACTIVATION OF TRANSCRIPTION
A variety of short cis-acting sequences ( Figure 1 , Table 1 ) that are located upstream of the TATA sequence facilitate the efficient and specific recognition of the core promoter by the basal transcription complex (12, 13) . The sequences include the common sequences found in RNA polymerase II promoters, including CAAT, octamer and GC. Specific upstream TFs recognize these sequences and bind to the DNA through a set of interactions among the DNA binding domain of the TF, the DNA sequence and the amino acid sequence of the TF. For example, the upstream TF, Sp1, binds to GC sequences and subsequently interacts with the TFIID bound at the TATA box to activate transcription.
The activation mechanism for transcription of some classes and families of genes is shared under specific conditions. For example, exposure of cells to glucocorticoids or phorbol esters elicits a specific induction of the transcription of all of the genes induced by these molecules. These inducible responses are attributed to upstream RE sequences in special promoters and function as binding sites for specific inducible TFs. An example of inducible control is the binding of the factor AP1 (made up of subunits encoded by fos and jun) to the 12-O-tetradecanoyl-13-acetate-responsive element sequence (TGACTCA) in genes that are activated by phorbol esters, growth factors or cytokines. In the absence of phorbol ester, AP1 is phosphorylated and then cannot bind to DNA (ie, inactive). The activation of AP1 involves its dephosphorylation such that it may bind to promoters containing TRE sequences. The binding of AP1 increases the rate of initiation of transcription.
Another example is steroid hormones that bind to specific receptors to form an activated complex that is capable of binding to RE sequences found in specific genes. Steroid receptor proteins comprise a DNA-binding domain that contains zinc finger motifs and a hormone-binding domain. Activated steroid-receptor proteins are essentially TFs that, when bound to RE sites in the DNA, activate transcription of a specific class of genes through activation of the initiation of transcription by RNA polymerase II. All genes that contain the common RE sequence are simultaneously activated. This allows the cell to coordinate the inducible expression of multiple genes collectively in response to specific hormone signals.
One important class of membrane protein receptors has intrinsic tyrosine kinase activity. The ligands of these receptors include growth factors and cytokines, both of which regulate cell growth. Important to this class of receptors are the signal transducers and activators of transcription (STATs). STATs are TFs that reside in the cytoplasm in an inactive form. The binding of cytokines to membrane-bound receptors leads to phosphorylation of the receptor by activation of the receptor tyrosine kinase activity. This provides a binding site for the STAT proteins. The bound STAT proteins are phosphorylated on tyrosine residues and undergo dimerization before migration to the nucleus. There they act as TFs by binding to specific DNA sequences upstream of the TATA sequence.
EUKARYOTIC REPRESSORS
Gene expression in eukaryotic cells is regulated by repressors as well as by activators (23) . Repressors bind to specific DNA sequences and inhibit transcription through a variety of mechanisms. In some instances the repressors simply interfere with the binding of other TFs to DNA. Other repressors have been shown to compete with activators for binding to specific regulatory sequences. As a result, their binding to a promoter or enhancer blocks the binding of the activator, thereby inhibiting transcription. Other repressors contain specific functional domains called repression domains that inhibit transcription through protein-protein interactions.
The regulation of transcription by repressors as well as by activators extends the repertoire of mechanisms that control the expression of eukaryotic genes. One important role of repressors is the inhibition of expression of tissue-specific genes in appropriate cell types. Other repressors play key roles in the control of cell proliferation and differentiation in response to growth factors as well as hormones. Such intricate control is especially important when considering the coordination required for maintaining the vertical cryptvillus and horizontal jejunoileo-colonic axis of the gut.
POST-TRANSCRIPTIONAL PROCESSING AND THE REGULATION OF EUKARYOTIC GENE EXPRESSION
The human genome contains coding information for approximately 100,000 different RNA molecules. However, within a single cell, different genes are expressed at different times through a process known as differential gene expression. Differential gene expression occurs in response to signals that occur during development, proliferation and differentiation. The orderly, programmed expression of every gene thereby plays a central role in cellular and whole organ homeostasis. Thus, it is not surprising that cells have evolved elaborate mechanisms that specifically control gene expression for particular genes. The pivotal step in all cells for the regulation of gene expression is at the level of transcription. The complex task of regulating gene expression in the many differentiated cell types in higher eukaryotes is a reflection of the combined actions of a diverse array of transcriptional regulatory proteins.
While the cellular events associated with the regulation of transcription are the predominant step in the regulation of eukaryotic gene expression, additional levels of control include the following (24) (25) (26) (27) (28) (29) .
· Controlling the processing of mRNA by determining which exons present in the initial mRNA transcript are retained in the mature and fully functional mRNA. Control mechanisms include either the alternative splicing of exons or the differential polyadenylation of the initial mRNA transcript.
· Controlling the stability or the rate of degradation of the mature mRNA transcript. As well, the packaging of DNA into chromatin and its modification by methylation add further dimensions to the control of eukaryotic gene expression.
RNA PROCESSING
The majority of newly synthesized RNAs are subsequently modified in a variety of ways to be converted to their functional forms. The regulation of the processing of RNA adds an additional level of control in eukaryotic gene expression (29) .
RNA polymerase I is devoted to the transcription of rRNAs in the nucleolus. The processing of the 45S initial transcript, pre-rRNA, involves methylation of the RNA as well as ribonuclease-mediated cleavage of segments of the initial transcript to yield the 28S, 18S and 5.8S rRNAs (Figure 4) .
The 5S tRNA is transcribed from a separate gene by RNA polymerase III, and the large precursor (pre-tRNAs) undergoes cleavage and methylation. The processing of the 3¢ end of tRNA involves the addition of a CCA terminus, such that all tRNAs have the sequence CCA at the 3¢ end. This sequence is the site of an amino acid attachment to the tRNA during protein synthesis.
In eukaryotic cells, the mRNA synthesized in the nucleus by RNA polymerase II is exported to the cytoplasm before it can be used as a template for protein synthesis. The initial products of transcription in eukaryotic cells (pre-mRNAs) are extensively modified before export from the nucleus. The processing of eukaryotic mRNAs is illustrated in Figure 5 . This processing involves the modification of both ends of the mRNA, as well as the removal of introns from its midportion. The 5¢ end of pre-mRNA is modified by the addition of a 7-methylguanosine cap. The 5¢ cap has several Untranslated regions (UTRs) are found at both the 5¢ and 3¢ ends of the mRNA. UTRs are sequences in the exons that remain in the mRNA but are not translated into protein. The 5¢ and 3¢ UTRs contain signals that are necessary for the processing of the RNA and subsequent translation into protein.
SPLICING MECHANISMS
Most genes contain multiple introns, which account for about 10 times more pre-mRNA sequences than do the exons. Thus, the most striking modification of the pre-mRNAs involves the removal of introns by a process known as splicing (28, 31, 32) . Splicing involves endonucleolytic cleavage and removal of intronic RNA, and end-to-end ligation (ie, splicing) of exonic RNA segments ( Figure 6 ). The mechanism of RNA splicing is critically dependent on the GT-AG rule -introns start with GT and end with AG. The sequences adjacent to the GT and AG dinucleotides are highly conserved, and an additional conserved sequence situated just before the terminal AG at the end of the intron is the so-called branch site. The splicing mechanism is depicted in Figure 6 , and involves the following steps:
1. Cleavage at the 5¢ splice junction.
2. Joining of the 5¢ end of the intron to an A within the intron (ie, branch site) to form a lariat-shaped structure.
3. Cleavage at the 3¢ splice site leading to the release of the lariat-like intronic RNA and splicing of the exonic RNA segments.
Splicing occurs in large complexes called spliceosomes. The RNA components of the spliceosomes are small nuclear RNAs (snRNAs). These snRNAs range in size from approximately 50 to 200 nucleotides and are complexed with protein molecules to form small nuclear ribonucleoprotein particles (snRNPs). SnRNPs play an important role in the splicing process. The snRNA part of the snRNP carries out the 'intellectual task' of recognizing the splice and branch sites of the larger RNA molecule. In contrast, the protein part of the snRNP does the 'manual labour' of cutting and sticking the RNA molecule.
The central role that splicing plays in the processing of pre-mRNA affords another mechanism for regulation of gene expression by the control of the activity of the cellular splicing machinery. Because most pre-mRNAs contain multiple introns, different mRNAs can be produced from the same gene by different combinations of the 5¢ and 3¢ splice sites. The possibility of joining exons in various combinations provides a novel mechanism for the control of gene expression through the generation of multiple mRNAs (and thus multiple proteins) from the same pre-mRNA. This process is termed alternative splicing and occurs frequently in genes of higher eukaryotes. Alternative splicing affords an important mechanism for the tissue-specific and developmental regulation of eukaryotic gene expression. In the case of transcriptional regulatory proteins, alternative splicing of pre-mRNAs yields products with dramatically different functions (ie, the ability to act as either activators or repressors of transcription). An important variation of the theme of splicing is a phenomenon known as trans-splicing, where exons originating from two separate transcripts are ligated together. The biological significance of trans-splicing remains to be elucidated.
EXON SELECTION DURING SPLICING
An additional level of control of gene expression occurs through the process of exon splicing during the processing of the pre-mRNA (33) (34) (35) . The cell determines which exons present in the pre-mRNA are conserved in the final mRNA. This allows the production of more than one protein from the same gene. For example, the same gene encodes calcitonin and the calcitonin gene-related peptide (CGRP). These proteins differ with respect to their amino acid sequence, function and tissue localization. The synthesis of these different proteins using the same genetic information occurs by a combination of alternative polyadenylation and differential exon selection (Figure 7) . 
RNA EDITING
The protein-coding sequences of some RNAs are altered by RNA processing events other than splicing. The best characterized example is the editing of the mRNA for apolipoprotein (apo) -B, where tissue-specific RNA editing gives rise to two different forms of apo-B (Figure 8) (36,37) . Apo-B100 is synthesized in the liver by translation of the unedited mRNA, whereas a smaller intestinal protein, apo-B48, is synthesized as a result of translation of an edited mRNA where cytosine in a single codon has been changed to a uracil. This nucleotide substitution alters the codon for glutamine (CAA) in the unedited mRNA, to a translation termination codon (UAA) in the edited mRNA. This results in the synthesis of the shorter apo-B protein. This tissuespecific editing of apo-B results in the expression of structurally and functionally different proteins in the liver and intestine. The full length apo-B100 produced by the liver transports lipids of the circulation whereas apo-B48 mediates the absorption of dietary lipids by the small intestine.
RNA DEGRADATION
The final aspect of the processing of an RNA molecule is its eventual degradation (26, 27, 30) . The intracellular level of any particular RNA species reflects a balance between synthesis and degradation. In this way, the rate at which particular RNAs are degraded constitutes another potential level at which gene expression can be controlled. In eukaryotic cells, different mRNAs are degraded at different rates, and this allows for the differential regulation of eukaryotic gene expression.
The degradation of most mRNAs is initiated by the trimming of the poly A tail. This is followed by the removal of the 5¢ cap and degradation of the RNA by nucleases. The mRNA half-life varies from 30 mins to about 24 h. The mRNAs with short half-lives usually encode for regulatory proteins.These mRNAs often contain specific AU-rich sequences situated near the 3¢ end that appear to signal rapid degradation by promoting deadenylation at the 3¢ poly A tail. This stability of some mRNAs can be regulated in response to extracellular signals. For example, the level of abundance of the mRNA encoding the transferrin receptor, a cell surface protein involved in iron uptake, is regulated by the availability of iron (Figure 9 ). This occurs by modulation of the transferrin receptor mRNA stability. When iron is replete, the transferrin receptor mRNA is rapidly degraded by specific nuclease cleavage that occurs at a sequence near the 3¢ end. When the supply of iron is rate-limiting, the transferrin receptor mRNA is stabilized, and this leads to an increased synthesis of transferrin receptor. Thus, more iron is transported into the cell. The regulation of the transferrin receptor is mediated by a protein that binds to specific sequences, called the iron response element, which is located near the 3¢ end of the transferrin receptor mRNA. Binding protects the transferrin mRNA from cleavage and is controlled by the levels of intracellular iron.
PROMOTER SELECTION
The presence of more than one promoter within a particular gene can result in different amounts of the same gene product being produced in different tissues (38, 39) . Furthermore, tissue-specific availability of certain TFs also contributes to this process. For example, the alpha-amylase gene contains two promoter sites that control the expression of this gene in a tissue-specific manner. Salivary gland cells have very high levels of alpha-amylase, whereas hepatocytes have very low levels. The relative difference in amounts of alpha-amylase is controlled at the transcriptional level. In salivary gland cells, the first promoter site, located just 5¢ to the first exon of the alpha-amylase gene, determines the start of transcription as well as the rate of gene transcription. This is a strong promoter because it has the ability to transcribe the gene at a high transcriptional rate. By contrast, in hepatocytes the available TFs do not recognize the first strong promoter of the gene and divert the RNA polymerase II to the second and weaker promoter located just 5¢ to the second exon of the alpha-amylase gene. When the pre-mRNA is later spliced to form the mature mRNA, this results in the same alpha-amylase protein being transcribed, albeit at lower levels. This 5¢ untranslated exon in each cell type is spliced to the first exon containing the amino acid sequence information. The final result is that the mature mRNA in hepatocytes differs from that found in salivary gland cells with respect to the 5¢ untranslated sequence only (the amino acid coding regions are identical).
ALTERNATIVE POLYADENYLATION SITES
The differential production of the membrane or secreted form of immunoglobulin M (IgM) depends on the structure of the heavy chain component of the antibody molecule. The membrane form of IgM contains a heavy chain with a carboxy terminal amino acid sequence rich in hydrophobic amino acids that facilitates its interaction and binding to the cell membrane. In contrast, the secreted form of the antibody contains a heavy chain devoid of this carboxy terminal amino acid sequence and is unable to bind to the plasma membrane.
By using alternative polyadenylation signals within the gene, the precise type of heavy chain mRNA is determined during B cell development ( Figure 10 ) (25) . When the mRNA encoding the membrane form of the heavy chain is produced, a polyadenylation signal present at the distal 3¢ end of the message determines the site of cleavage and polyadenylation of the mRNA. After polyadenylation of the mRNA, all of the exons are spliced, including the 3¢ exon that codes for the hydrophobic amino acid sequence located at the carboxy terminal end of the membrane-bound form of the heavy chain. This yields the mature mRNA. Translation of this particular mRNA produces a form of the heavy chain that has a hydrophobic tail and is found in the membranebound form of IgM. In contrast, the cells in which the secreted form of the IgM molecule is produced, a second polyadenylation signal, which is recognized by the cell-specific polyadenylation system of mature B cells, is located further upstream of the distal 3¢ polyadenylation signal. In these cells, the cleavage and polyadenylation of the mRNA occur at this second site, and the exons located 3¢ to this site are no longer present in the mRNA produced. Following poly- 
